Assessment of the left internal mammary artery (LIMA) graft patency currently requires invasive investigation through coronary angiography. In the last years the successful application of noninvasive Doppler spectrum analysis has been reported for patency assessment of the LIMA graft after myocardial revascularization. Echocardiography is considered to be a sensitive noninvasive screening modality to diagnose critical narrowing of LIMA grafts and angiography should be reserved for cases in which Doppler echocardiography fails to visualize the LIMA or reveals an abnormal flow pattern.
Introduction
The left internal mammary artery (LIMA) is the graft of choice to the left anterior descending coronary artery (LAD). Since its introduction in the 1960s, it has contributed to improved survival [1] and longer graft patency after coronary artery bypass graft (CABG) surgery. Invasive cardiac catheterization is the definitive method for assessment of LIMA graft patency in patients with recurrent angina, myocardial ischemia or infarction after CABG. Transthoracic Doppler echocardiography (TDE) was first described by Gould [2] in 1972 as a noninvasive study of venous grafts. It was developed as an alternative to coronary angiography but was not widely used due to suboptimal sensitivity and specificity reports. Sometimes TDE techniques are limited by transducer positioning, vessel curvature and constant motion of the heart. The successful application of noninvasive Doppler spectrum analysis has been reported for the hemodynamic assessment of LIMA graft [3] . In this paper the normal anatomy of the LIMA, the technique for transthoracic Doppler sonography and the pulsed-wave Doppler derived parameters for assessing the graft patency will be discussed.
Anatomy of the left internal mammary artery
Knowledge of the normal anatomy of the LIMA is pertinent to interpreting postoperative bypass studies. The LIMA arises from the undersurface of the first portion of the subclavian artery opposite to the thyrocervical trunk. It descends behind the cartilages of the upper six ribs at a distance of about 1.25-1.5 cm from the margin of the sternum. In 95% of the cadavers the LIMA descends antero-medially behind the internal jugular vein and the brachiocephalic vein. Passing behind the first costal cartilage, close to the phrenic nerve, it goes down into the thorax. The LIMA is separated from the pleura at the second or third costal cartilage by a strong layer of endothoracic fascia and inferiorly by the transversus thoracic muscle. It is accompanied by two mammary veins, which ascend medially and laterally, respectively [4, 5] . At the level of the sixth intercostal space it divides into the musculophrenic and superiorepigastric arteries. Its branches include the pericardiophrenic, anterior mediastinal, pericardial, sternal, intercostal, perfo-rating, musculophrenic, and superior epigastric arteries. The length of the LIMA varies from 15.1 to 26.0 cm, with a mean of 20.4 ± 2.1 cm from the origin to the termination point [6] . The LIMA is generally harvested as the pedicle that includes the veins, the muscle around it, and the fascia. The harvesting as a skeletonized conduit is becoming more and more popular, as it increases the length of the conduit.
Coronary circulation physiopathology and Doppler flow characteristics
The pulsatile aspect of coronary blood flow has been recognized since the 17th century [7] . Normal arterial Doppler signals are usually biphasic or triphasic [8] . The first component corresponds to the high velocity forward flow, which occurs during systole, that is, peak systolic velocity (PSV). The second is of a lower frequency than the first one and corresponds to reversed flow in early diastole, that is, end-diastolic velocity (EDV). This component is dependent on peripheral resistance and will be absent where peripheral resistance is low, as is the case of the coronary arteries. The third component of the pulsed wave Doppler signal is of a lower frequency than the first two components and represents forward flow in late diastole (PDV). Normal coronary blood flow as well as velocity pattern are biphasic, and the diastolic component predominates over the systolic component [9] . Non-invasive evaluation of coronary blood flow has confirmed the biphasic pattern of these arteries [10] ( fig  1) .
Flow in the LIMA has been investigated using TDE since the 1990s [11, 12] . Blood flow in ungrafted LIMA occurs mainly during systole similar to the flow in peripheral arteries, like in the subclavian artery ( fig 2) . Using Doppler assessment, in situ LIMA is mainly perfused during systole [13] and displays a high resistance flow velocity pattern (strong systolic peak, negative or absent protodiastolic velocity and low diastolic peak), as was shown in the study by Cartier et al [13] . Once grafted to the left coronary network, the LIMA flow pattern instantly adapts to the left ventricular hemodynamic. The Doppler shift frequency drops during the systolic phase and becomes more prominent during the diastolic phase as the left ventricular and wall tension decreases. The diastolic flow velocity of the LIMA increases after CABG as the result of the physiologically decreased resistance in the coronary circulation. This "diastolisation" of the LIMA blood flow is also related to the low resistance and large capacitance of the coronary artery network and to the LIMA self-regulated property on vascular tone.
Pulsed wave and color Doppler assessment of the LIMA graft
With the patient lying in supine position, a standard two-dimensional and Doppler echocardiography with 2-4 MHz transducer should be used. The LIMA graft can be imaged either from the left supraclavicular fossa [14] or from the left parasternal window of the intercostal spaces [11] . As the native course of the LIMA is more or less modified by the surgical procedure, the left supraclavicular fossa approach is preferred, which has the highest detection rate and is the best site for repeated scans. By TDE the LIMA rate detection is high, from 81% to 98% [3, [15] [16] [17] .
Supraclavicular window. To detect the LIMA flow, the initial velocity range of the color Doppler should be set at approximately 21 cm/sec and subsequently adjusted to optimize visualization of color signals in the bypass graft [18] . A transducer is placed on the left supraclavicular fossa, and the first task in detecting LIMA flow is to identify the left subclavian artery (SCA). The proximal LIMA is detected by rotating the transducer slightly clockwise and inclining it toward the anterior chest wall. Flow in LIMA is determined by recognizing downward flow in the tubular structure branching from the SCA. Flow velocity in the LIMA is examined 1.5 to 2.0 cm away from the SCA by pulsed-wave Doppler echocardiography with a sample volume of 2 mm. The sample volume direction must be adjusted along the long axis of the LIMA flow for angle correction to determine flow velocity more accurately. The LIMA flow has a biphasic flow pattern by pulsed-wave Doppler (fig 3) .
Left parasternal window. Several investigators have
used the parasternal approach to measure flow in the distal LIMA. The rate of detecting LIMA flow is lower via the parasternal approach than via the supraclavicular approach [3, 19] . According to Dubey et al [20] the LIMA is located in the second to fifth left intercostal space parasternally. Patients can be examined in the left lateral position or supine position, by using a modified left parasternal window. Long-axis images of the left ventricle must be obtained, and then the area anterior to the right ventricular outflow tract and the anterior interventricular sulcus are carefully examined by using combined imaging and color-flow mapping. The LIMA graft is identified as a tubular structure with color flow directed from base to apex and containing characteristic Doppler flow signals. Once the position of the LIMA is identified, intraluminal flow signals are obtained using the pulsed-wave Doppler method [9] . The long-axis sections must be carefully adjusted to minimize the angle between the Doppler beam and the long axis of the artery as well as to ensure that the sampling volume is located within the vessel lumen for as much of the cardiac cycle as possible (fig 4) .
Doppler flow derived parameters to assess LIMA graft patency
By means of TDE it is difficult to detect moderate stenosis (50-70%) of the LIMA grafts, as flow does not significantly differ between intermediately stenosed and patent grafts [12] . The following pulsed-wave Doppler derived parameters are useful to detect severe stenosis (>75%) of the LIMA grafts.
Diastolic/ Systolic Peak Wave Velocity Ratio (PDV/PSV)
The peak systolic (PSV) and diastolic velocity (PDV) and the mean systolic and diastolic velocity are measured by tracing the outer borderline of the systolic and diastolic Doppler velocity profiles, respectively ( fig 5) . Each parameter must be obtained by averaging measurements from three to five consecutive cardiac cycles, and the peak and mean PDV/PSV must be calculated. The PDV/PSV ratio is used because it is independent of the ultrasound beam angle of incidence that affects Doppler calculations. With the use of a Doppler flow wire, Bach et al [16] showed that in LIMA grafts without stenosis the ratio PDV/PSV increases from 0.6 proximally to 1.4 distally, and studies using TDE generated similar results [21, 22] . A predominant baseline diastolic flow velocity, similar to the native coronary pattern, with a peak diastolic flow velocity (PDV) greater than peak systolic flow velocity (PSV), is typical of LIMA without stenosis [12] . On the other hand, a predominant PSV at baseline, previ- ously considered as a marker of LIMA graft dysfunction [23] may also be detected in other conditions as residual mammary artery side branches [12, 15, 24] and partially occluded recipient artery distal to the graft anastomosis [24, 25] . Several reports have shown that a decrease in PDV/PSV <0.5 or 0.6 is a powerful predictive parameter of LIMA graft stenosis [23] . In the study of Mizukami et al [18] a mean PDV/PSV ratio <0.57 predicted severe graft stenosis (>75%) with a sensitivity, specificity, and accuracy of 88%, 91%, and 91%, respectively, in patients with LIMA grafts. Patients with significant stenosis of the LAD distal to the anastomosis of the LIMA were excluded in order to avoid the influence of native coronary artery stenosis on the LIMA flow.
Systolic / Diastolic Peak Wave Velocity Ratio (PSV/PDV)
In the study of Madaric et al [26] it was shown that a ratio PSV/PDV< 2 yielded optimal accuracy to detect the absence of LIMA bypass dysfunction with a negative predictive value of 95%. Its positive predictive value was only 52.4%. Luise et al [27] found that the ratio PSV/ PDV is higher in a LIMA graft with patent collaterals (i.e. in mammary arteries harvested without the use of specific devices through a minithoracotomy). Crowley et al [3] reported that at baseline a ratio PSV/ PDV > 1 in LIMA anastomosed to LAD predicted severe stenosis with a sensitivity of 100% and a specificity of 85% on TDE.
Diastolic Fraction (DF)
In the cardiovascular system, which is a pulsatile one, the velocity of the blood flow is not constant in time, that is why it must be taken into account all values of the instantaneous velocities of the flow through an orifice in a certain time, which is the velocity time integral (VTI). The VTI represents the equivalent of the area under the pulsed-wave Doppler envelope [12] , and is measured in the following way:
where Vi is the velocity at the time Ti. The VTI can be computed for both systolic (SVTI) and diastolic (DVTI) flow. The diastolic fraction (DF) is computed in the following manner (fig 6) :
Recently, it was proposed that a DF < 50% predicts > 70% stenosis in LIMA grafts with a sensitivity and specificity of 100% [28] . The DF is thought to be the most powerful predictor because the peak velocity ratio is affected by native vessel stenosis, and the diameter and [23] . Jones et al [17] described in their review report that the DF of less than 50% was shown to be the best criterion for the prediction of significant LIMA graft stenosis.
Systolic reversal flow
The study by Akasaka et al [29] in 1991 was the first study to describe the pattern in angiographically no-flow LIMA grafts. In no-flow patent grafts, a gradual longitudinal transition in the systolic flow velocity from antegrade proximally to retrograde distally was demonstrated, with lower antegrade diastolic velocity. To and fro signals with systolic reversal and diastolic antegrade flow ( fig 7) were observed in the distal portion of the bypass grafts at baseline in the above mentioned study. The observed to and fro signals in the LIMAs graft might be the result of flow competition between the native coronary artery, when its stenosis before anastomosis is not severe, and the graft itself.
Limitations and sources of error
There are several limitations of the method: LIMA small size diameter, continuing moving of the heart, time consuming technique, and the need for digital ultrasound technology with dedicated machines. Therefore, for the technique to be of any clinical value, one would need very highly trained echocardiographers [25] .
Important sources of error are the insufficient examiner's experience and insufficient time for examination, inappropriate use of some parameters (velocity scale, Doppler angle, placement and size of the sample volume, color and Doppler gain), and difficulties in interpreting LIMA graft with pathological Doppler signal, which may be easy mistaken with some large intercostals arteries.
Conclusions
TDE is a non-invasive, inexpensive, fast method, with a low risk of complications, in detecting the LIMA grafts. It can be performed both immediately and in the late postoperative period. Whilst it can be performed at the bedside or in the outpatient setting, it requires training in performing and interpreting results. Highly skilled operators are required to prevent mistakes in diagnosis.
